Background: falls are a common cause of morbidity and mortality in older people. Orthostatic hypotension (OH) is considered an important risk factor for falls, but longitudinal studies have failed to show a clear association. This disparity may be because conventional methods of measuring blood pressure (BP) changes are too imprecise and/or the diagnostic criteria for OH are inappropriate. Over recent years, beat-to-beat BP monitoring techniques, which enabled accurate measurement of vasodepression, have become widely used and in 2011 the American Academy of Neurology produced revised diagnostic criteria for OH. Objective: to use beat-to-beat monitoring to compare the prevalence of OH using the standard and revised diagnostic criteria and to establish which criteria are most valuable in predicting future falls. Design: two hundred and ninety-seven community-dwelling older people aged ≥65 years underwent assessment. Active stand using digital photoplethysmography was used to record postural change in BP. One hundred participants were asked to complete prospective weekly falls diaries for 12 months. Results: OH, defined according to the revised American Academy of Neurology diagnostic criteria, affected 25% of participants and was an independent predictor of falls (odds ratio 10.299, 95% confidence interval [95% CI]: 1.703-61.43, P = 0.011) and time to first fall (hazard ratio 3.017, 95% CI: 1.291-7.050, P = 0.011). OH, defined according to standard criteria, affected 80% of the population and was not associated with falls. Conclusion: OH, defined according to 2011 criteria, is associated with falls and time to first fall. These findings indicate that beat-to-beat monitoring and the 2011 criteria for OH are valuable in the clinical assessment of older fallers.
Introduction
Falls are a major public health concern. Thirty per cent of people aged 65 and older report falling in the last year and the risk of falling increases dramatically with age [1] . Around 40-60% of falls in older people led to injuries and 5% are associated with hip fracture, resulting in significant morbidity and mortality [2] . Falls-related accidents are a precipitating factor in 40% of admissions to long-term care [1] . The cost of falls in the UK is an estimated £1.2 billion [3] .
Effective falls prevention has the potential to reduce serious injuries, hospitalisation, nursing home placement and functional decline [4] . Falls prevention guidelines suggest a multifactorial assessment with tailored interventions aimed at assessment findings [5, 6] . These guidelines frequently cite orthostatic hypotension (OH) as an important risk factor for falls and randomised controlled trials that address OH have been shown to prevent falls [7, 8] . However, prospective studies have failed to demonstrate an association between OH and falls [9] [10] [11] [12] .
This apparent paradox may reflect the challenges associated with measuring postural changes in blood pressure (BP). Although protocols vary, postural changes in BP have traditionally been recorded using intermittent sphygmomanometer readings. This method risks overlooking initial falls in BP that occur immediately on standing and may fail to capture the true nadir, underestimating the degree of vasodepression and prevalence of OH. Over the last decade, beat-tobeat monitoring has been increasingly employed to measure BP response to standing [13] . These techniques can identify drops in BP that occur immediately on standing and allow short-lived dips in BP to be detected.
OH has traditionally been defined as a 20-mmHg drop in systolic BP and/or a 10-mmHg drop in diastolic BP within 3 min of standing [14] . Studies using beat-to-beat monitoring report a significantly higher prevalence of OH than studies using a traditional sphygmomanometer. In 2011, the American Academy of Neurology (AAN) suggested a more refined definition for OH, which takes account of supine hypertension and initial OH [15] . In individuals with supine hypertension, a fall in systolic BP of at least 30 mmHg was suggested for a diagnosis of OH and initial OH was defined as an exaggerated fall in BP (40-mmHg systolic BP and/or 20-mmHg diastolic BP) within 15 s of standing.
These guidelines have been in place for 5 years yet, to our knowledge, studies have not examined the ability of these criteria to predict falls. This study had two aims: (i) to compare the prevalence of OH using the standard definition of OH and the 2011 definition of OH and (ii) to establish if either the standard definition OH or the 2011 definition of OH is associated with future falls.
Methods Participants
Participants were recruited at random from a single general practice in the North of England. Participants had to be living in the community. Persons with end-stage palliative care needs and/or living in institutional care were excluded. Participants had to be able to stand independently or with assistance. Full details of recruitment have been previously described in detail elsewhere [16] . In summary, 1,000 subjects aged 65 years and older were sampled at random from a potential population of 1,517 individuals. Thirty-one died during the sampling period and 185 did not reply to the invitation to participate in the study. Of the 784 individuals who responded to the invitation to take part in the study, 431 agreed to review of medical notes and 353 agreed to undergo clinical examination including active stand.
Medical assessment
Demographic data, body mass index (BMI) and medication were recorded. The use of cardioactive medication was defined as using any anti-hypertensive medication, diuretic, anti-anginal or anti-arrhythmic. Participants were defined as taking a psychoactive medication if they were taking any typical neuroleptic, atypical neuroleptic, anti-cholinergic, tricyclic antidepressant, selective serotonin reuptake inhibitor or other antidepressant.
Cognition was assessed using mini-mental state examination (MMSE) [17] . Balance and gait were assessed using the Tinetti Performance Orientated Mobility Assessment [18] . The gait assessment is made up of nine manoeuvres. Each component was scored 1 point if it was 'normal' and 0 if it was abnormal. The balance scale was made up of 13 manoeuvres that assessed balance. The subjects' performance on each task was scored 0, 1 or 2 depending on whether their ability was considered abnormal, adaptive or normal, respectively.
Active stand
All tests were carried out between 09.00 and 13.00. Participants were asked to refrain from coffee or nicotine from the previous evening and to have a light breakfast prior to attending for the tests. Continuous beat-to-beat BP was recorded from the hand using digital photoplethysmography (Portapress, TNO-Biomedical, Amsterdam). The subject's hand was supported at heart level throughout the assessment. Digital BP was calibrated to brachial BP before and after the active stand. After resting in the supine position for 10 min, subjects were asked to assume a standing position as quickly as possible and without assistance and maintain this position for 3 min or as long as possible. The BP response to standing included the time assuming the upright position. The BP response was defined as the difference between the first drop in BP not associated with ectopic beats or change in heart rhythm after standing and the mean BP for the 20 beats immediately prior to standing. The time to reach the nadir and the time to recover to baseline were recorded for each BP response.
BP data were synchronised to ECG and inspected offline for artefacts, ectopic beats and non-systolic waveforms. Data were excluded if the trace was obscured by movement artefact or if there were excessive ectopic activity or other arrhythmia.
Two definitions of OH were compared
• Standard criteria: Standard criteria were defined as a 20-mmHg drop in systolic BP and/or a 10-mmHg drop in diastolic BP within 3 min of standing.
• AAN 2011 criteria: In this definition, OH is defined as a 20-mmHg drop in systolic BP and/or a 10-mmHg drop in diastolic BP within 3 min of standing unless either (i) the participant has supine hypertension in which case a fall in systolic BP of at least 30 mmHg is required for a diagnosis of OH or (ii) the BP nadir occurred within the first 15 s of standing in which case a 40-mmHg systolic BP and/or 20-mmHg diastolic BP was required for a diagnosis of OH.
Falls diaries
The first 100 participants recruited to the study were asked to complete weekly falls diaries over the 52-week follow-up period. A fall was defined as any occasion when a participant had fallen or found themselves on the ground, a piece of furniture or a wall without meaning to. Participants were asked if they had fallen in the 12 months preceding assessment. Prospective falls were obtained from weekly falls diaries. Participants were posted four falls diaries with a pre-paid addressed envelope every month for 12 months. Participants were asked to report all falls. If participants did not return the diary, a member of the research team would telephone them to remind them to return it.
Statistical analysis
Analyses were performed using the statistical software package SPSS version 17.0 (SPSS Inc., Chicago, IL). For all tests, the level of statistical significance was set at <0.05. Normally, distributed data are presented using means and standard deviations and compared using the Student's t-test. Medians and interquartile ranges (IQRs) were used where data are not normally distributed and the MannWhitney test was used to compare groups. Categorical data are displayed as frequency and percentage. Chi square and Fisher's exact tests were used, as appropriate, to test for differences in the distribution of categorical data.
A restricted set of variables that differed between fallers and non-fallers were entered into a logistic regression model to determine independent predictors of falls. Area under the receiver operator curve (ROC) was used to access the overall predictive ability of the final model.
Time to event is defined as time between date of active stand and first fall. Risk factors associated with were analysed using Cox regression analysis.
Results

Prevalence of OH using standard and 2011 criteria
Of the 353 participants undergoing active stand, 40 were not in sinus rhythm and 12 had BP recordings with movement artefact such that BP was unreportable. In four cases, complete recordings were not captured (Figure 1 ). Of the 297 participants with valid active stand recordings, 222 (81%) had OH defined according to standard criteria. Only 75 (25%) participants met the 2011 criteria. Time to systolic and diastolic nadir (median and IQR) was 9.76 s (7.4-14.7) and 8.83 s (6.85-10.96), respectively. Seventy-five per cent of participants reached the BP nadir within 15 s of standing. Of the 75 participants meeting 2011 criteria, 48 had initial OH, 6 had supine hypertension with a fall in systolic BP ≥ 30 mmHg and 21 had a fall in systolic BP of 20 mmHg systolic BP and/or a fall of 10 mmHg of diastolic BP 15 s or more after standing. There were no differences in the prevalence of OH subtypes between men and woman.
Association between OH and falls
Falls diaries were available for 93 of the 100 individuals who were asked to participate in the falls assessment. Over the 12-month follow-up period, two individuals ceased completing the diaries. Seventy-nine individuals (85%) had valid active stand recordings (mean age 73 ± 6.8, 39 male age).
Fifty-six falls were reported by 30 participants (38%). Twelve (15%) participants reported two or more falls. Table 1 compares demographic and haemodynamic data for falls and non-fallers. Compared with non-fallers, fallers were more likely to be taking psychoactive medication and were more likely to report a previous history of falls. The groups did not significantly differ in terms of age, use of cardioactive medication or Tinetti scores. MMSE scores were marginally higher in fallers than in non-fallers.
Fallers had lower supine BP, lower BP nadir and larger systolic postural drops in systolic BP on standing. Prevalence OH defined according to standard criteria did not significantly differ between fallers and non-fallers (87% versus 82%, respectively) (P = 0.756). Orthostatic hypotension defined according to the 2011 criteria affected 40% of fallers and 12% of nonfallers (P = 0.004).
Variables that differed between fallers and non-fallers were entered into a logistic regression model to examine significant independent predictors of falls. After adjusting for MMSE, the use of psychotropic medication and previous history of falls, OH defined by 2011 criteria remained an independent predictor of falls [odds ratio 10.299 (95% confidence interval (95% CI): 1.70-61.4, P = 0.011)] (Figure 2A) . Area under the receiver operator curve for this model was 0.877 (95% CI: 0.789-0.965, P < 0.001) ( Figure 2B ).
Association between OH and time to first fall
Median time to first fall was 15 weeks (IQR 4-30 weeks). OH defined according to AAN 2011 criteria but not standard criteria was associated with time to first fall (HR 3.293, 95% CI: 1.576-6.879, P = 0.002) and (95% CI: 0.478-3.930, P = 0.557), respectively. Cox regression analysis showed that OH defined by 2011 criteria remained a significant predictor of time to first fall, independent of MMSE, previous history of falls and use of psychoactive medication (Figure 3) .
Discussion
This is the first prospective study to demonstrate that the 2011 AAN criteria for OH predict falls and time to first 
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fall. In keeping with previous studies, there was no association between falls and OH defined according to the standard criteria. This disparity may be because conventional methods of measuring BP changes are too imprecise. Previous studies have used traditional sphygmomanometers to record BP changes. This methodology is incapable of recording early OH and risks missing the true nadir, thereby underestimating vasodepression and the presence of OH. OH detected using a sphygmomanometer is notoriously difficult to reproduce and it is, therefore, unsurprising that studies using this unrefined method have failed to detect a link between OH and falls [19] .
Over the last two decades, there has been increasing use of beat-to-beat BP monitoring [13] . This technology enables detection of early OH and is capable of recording short drops in BP that may be missed by intermittent readings. It is, therefore, better able to accurately quantify the degree of vasodepression on standing. Using beat-to-beat monitoring in this cohort found that 80% of the population met the standard diagnostic criteria for OH. This is in keeping with previous studies that have used beat-to-beat monitoring and have reported a prevalence of OH ranging from 59% (using head up tilt) to 94% (using active stand) [20, 21] . The extremely high prevalence of OH, defined by standard criteria, and a lack of association with clinical outcomes, such as falls, would suggest that the standard definition of OH is inappropriately sensitive when used in conjunction with beat-to-beat monitoring.
The 2011 criteria for OH differ from standard criteria in that they require greater vasodepression to meet the diagnostic criteria for initial OH (40 mmHg in systolic BP and/or 20 mmHg in diastolic BP within 15 s of standing) and adjust for supine hypertension [14, 15] . In this cohort, 75% of the population reached BP nadir within 15 s of standing, suggesting that some degree of vasodepression immediately on standing could be considered normal. The association between 2011 criteria and falls suggests that the 2011 definition is able to identify individuals with clinically significant OH associated with falls. A logistic regression model that controlled MMSE, previous falls and psychoactive medication showed that OH, defined according to the 2011 criteria, is an independent predictor of falls and is associated with good specificity and sensitivity.
There are three suggested explanations to link OH and falls. First, it is suggested that amnesia for loss of consciousness may result in unwitnessed syncopal episodes presenting as falls [22] [23] [24] . Following tilt testing, 28% of people with witnessed syncope are unable to recall loss of consciousness [24] . Second, it is suggested that systemic hypotension results in cerebral hypoperfusion that is insufficient to cause loss of consciousness but that it is enough to cause disruption of cerebral function and impair gait and balance [12] . Third, it is suggested that the chronic, recurrent episodes of cerebral hypoperfusion result in cerebral white matter damage, which has been associated with impaired gait and balance [25, 26] . Under normal conditions, cerebral autoregulation maintains cerebral perfusion over a wide range of systemic BP [27] . All of the suggested mechanisms linking OH and falls require there to be a fall in systemic BP of sufficient severity and duration to result in a failure of cerebral autoregulation. It is possible that for most patients, short-lived drops in BP immediately on standing are insufficient to cause failure of cerebral autoregulation and that larger drops, in keeping with the 2011 criteria, are required to cause disruption of cortical perfusion. Similarly, in individuals with hypertension, the cerebral autoregulation curve is shifted to the right and larger falls in BP may be required to drop below the lower limit of autoregulation. The 2011 criteria take these factors into account and appear better able to identify clinically significant falls in BP. This study is the first to use beat-to-beat monitoring to assess whether the 2011 criteria for OH are a predictor for falls. This is important as, although beat-to-beat monitoring is widely used in falls assessments, the diagnostic definition of OH varies in clinical practice with many centres applying the 20/10 mmHg definition of OH to BP changes detected using beat-to-beat monitoring. Based on these data, it appears that it is more appropriate to use the 2011 criteria in the assessment of older fallers.
The well-characterised nature of the cohort has allowed control for other recognised risk factors for falls and a data-driven approach has been used to identify covariates. Psychotropic medications and history of falling are wellrecognised risk factors for falls [28, 29] . Cardiovascular medications were not associated with falling in this study. Previous studies examining the association between falls and anti-hypertensive medications have shown class-specific effects: for instance diuretics, but not beta-blockers and angiotensin converting enzyme inhibitors, have been associated with falls [29] . Unfortunately, the sample size was insufficient to control for cardiovascular drug class separately.
It is interesting that in this cohort, higher MMSE scores were noted in fallers compared with non-fallers. This is in contrast to other studies which have shown that cognitive impairment is a strong risk factor for falls [30] . It is difficult to explain this finding. It should be noted that the difference in median MMSE scores between the groups was small and the significance was marginal. It could be argued that better cognition could lead to improved recall of falls but given that rates of cognitive impairment were low (only 1 individual had an MMSE < 24) and falls data were It is acknowledged that the study has certain limitations. For logistical reasons, only the first 100 participants recruited to the study were asked to keep falls diaries. In terms of demographic criteria and haemodynamic response to active stand, participants keeping falls diaries did not significantly differ from participants not asked to keep falls diaries. General practitioner notes however showed that participants in this study tended to be younger, with few cardiovascular risk factors and better cognition than participants who declined to participate. It is therefore not possible to be sure how these findings would generalise to the frailest older adults. In addition, the population studied were all community-dwelling and it is not known how these findings would generalise to individuals living in long-term care or to younger cohort. Finally, BP recordings were only made once. Even with beat-to-beat monitoring, OH is difficult to reproduce [31] . Importantly, this study has shown that single recordings are capable of predicting falls.
In conclusion, this study has shown that OH, defined according to the 2011 AAN criteria, is a predictor of falls in community-dwelling older people. Future, larger studies should examine the utility of these criteria in wider cohorts and interventional studies.
Key points
• Beat-to-beat monitoring detects orthostatic hypotension (OH; defined by standard criteria) in 81% of communitydwelling adults aged 65 and older and is not associated with falls.
• Using the same technique only, 25% of people met the 2011 American Association of Neurology criteria for OH.
• The 2011 AAN criteria for OH but not standard criteria predict future fallers.
